Energy consumption for heating and cooling constitute the majority of the energy use for building loads. Using passive cooling systems to reduce the energy consumption or to make the process more efficient can be very beneficial. Ground coupled heat exchangers and night sky radiative cooling systems have been used for centuries to achieve cooling and ice making. Ground coupled heat exchangers use the temperature difference between underground soil and ambient air or water for heat transfer between the soil and the fluid passing through buried pipes. Night sky radiative cooling takes advantage of the night sky as the coldest heat sink available for heat transfer with any surface. Use of these simple designs with the modern cooling/heating systems has the potential for a major impact on the heating and cooling needs. This review paper describes the various designs, configurations and applications of these systems as well as determining the parameters that impact their performance.
Introduction
Passive cooling systems are utilized to achieve cooling of thermal systems through natural means. A number of passive cooling systems have been used in the past that rely on mechanical, architectural or environmental designs. Each of them has their own merit and the appropriate design is selected for the particular application. Considering the large number of such technologies, it is beyond the scope of a single review paper to focus on the details of all of them. This paper is focused on technologies that use earth or space for passive cooling as infinite heat sinks.
Environmental heat sinks such as ground, air or sky provide an excellent opportunity for a system to release its heat because they provide an infinite (or near infinite) heat sink. Underground temperatures vary in a narrow range close to the average annual ambient temperature at a depth of a few meters (~4 m) [1] [2] [3] [4] . Ground coupled heat exchangers (GCHE) or Earth-air-heat exchangers (EAHE) operate on this consistency of underground temperatures to cool a fluid that is circulated through buried pipes. This technology has been used over the past several decades for air-conditioning of greenhouses and buildings [2, . It has also been studied to lower the sink temperature of a thermodynamic cycle [3, 4, 26] . Night sky radiative cooling is another passive cooling technology where the night sky is used as the heat sink [27] . Since sky temperature is very low (~4 K), effective radiative heat transfer can be obtained at locations with low environmental interference. These technologies have been used since ancient times for building cooling as well as ice making [28] . In the last century, these systems have been studied and used at numerous projects to lower the energy consumption of traditional heating and cooling systems, or to improve their efficiency [29] [30] [31] [32] [33] [34] .
energy consumption of traditional heating and cooling systems, or to improve their efficiency [29] [30] [31] [32] [33] [34] .
In this paper, use of underground soil and nocturnal sky as near-infinite heat sinks for different applications has been reviewed. The variety of models described in the literature for various applications have been listed, and important parameters affecting the performance have been investigated.
Earth-Air-Heat-Exchangers (EAHE)
Daily and annual variation in the underground soil temperature is much smaller compared to the ambient air temperature, and the variation becomes negligible after a certain depth (typically ~4 m) resulting in near constant temperature throughout the year. This is caused by the high thermal inertia of the soil under the surface of the earth which also results in a time lag between ambient and underground temperatures. This temperature difference between ambient air temperature and underground soil can be used to be cool the ambient air in the summer by passing it through buried pipes and using the underground soil as a heat sink, and to heat the ambient air in the winter by using the underground soil as a heat source. Figure 1 shows the schematic of an EAHE where ambient air is passed through underground tunnels where it rejects (or gains) heat to (or from) the underground earth and is obtained at a lower (or higher) temperature at the outlet. Ambient air is circulated through buried pipes or tunnels using a fan or a blower. As the air passes through the pipes, the temperature difference between the soil and air results in heat transfer between them. When the soil is cooler than the ambient air in the summer season, air rejects its heat to the cooler soil. During winter, the soil temperature may be higher than the ambient air where the air accepts the heat from the soil when passing underground, and the heated air is used at an air-conditioned space. 
Principle
While the ambient air temperature varies in a large range over a day and during the year, the variation in the temperature of underground soil is limited in a narrow range. This generally leads to a difference in temperature of ambient air and underground earth. Earth-air-heat-exchangers utilize this difference in temperatures to either heat or cool the ambient air by passing it underground. Figure 2 shows the annual variation in temperatures of ambient air and soil at different depths for a dry-arid location (Las Vegas) [3] . As we can observe, the ambient air temperature varies from close to 0 °C to over 40 °C, but the soil temperature at 1 m depth varies between ~12 °C to ~27 °C only. This range of variation gets even smaller as depth is increased and is less than 5 °C for 4 m depth. 
While the ambient air temperature varies in a large range over a day and during the year, the variation in the temperature of underground soil is limited in a narrow range. This generally leads to a difference in temperature of ambient air and underground earth. Earth-air-heat-exchangers utilize this difference in temperatures to either heat or cool the ambient air by passing it underground. Figure 2 shows the annual variation in temperatures of ambient air and soil at different depths for a dry-arid location (Las Vegas) [3] . As we can observe, the ambient air temperature varies from close to 0 • C to over 40 • C, but the soil temperature at 1 m depth varies between~12 • C to~27 • C only. This range of variation gets even smaller as depth is increased and is less than 5 • C for 4 m depth.
Energies 
Applications
EAHE technology has been used for cooling and air-conditioning of buildings and greenhouses in several parts of the world [2, 8, 12, 16, 17, [35] [36] [37] [38] [39] [40] [41] [42] . Goswami et al. performed one of the earlier comparisons between the experimental observations [43] and a mathematical model. The experimental analysis was done at a fixed mass flow rate while the mathematical model was used to study the performance at varying flow rates [44, 45] . Ileslamlou and Goswami studied an EAHE system for 90 days, during which the system was operated for 16.5 h a day, and was then switched off for 7.5 h [46, 47] . During operation, the soil temperature was observed to increase with time by a small amount and came down close to the original value once operation had ended. It was observed that after the soil had cooled down, the resulting temperature was slightly higher than the original value. Bansal and Sodha investigate a similar system near Delhi, India for meeting a hospital's summer cooling requirements [8, 12] . They were successful in reducing the dry bulb temperature by as much as 15 °C in the summer. Additionally, a temperature increase of about 3-4 °C was obtained in winter. Mihalakakou's study was focused on understanding the impact of various parameters on the performance of the EAHE, such as length, depth, diameter of pipes, and the impact of ground cover [2, 13, 15, [48] [49] [50] [51] [52] [53] [54] . Trombe et al. [6, 55] performed experimental analysis on three identical systems that were coupled together. They found that the air temperature decreased rapidly in the initial sections of the duct. This can be attributed to the high temperature difference between the soil and air in the beginning of the duct, which continues to decrease as the air passes through the duct. Eicker compared the impact of different configurations of the ground cooling systems on the energy consumption of an office building in Germany [56] [57] [58] . They observed that even though the EAHE could function at a high coefficient of performance (approximately 30), the EAHE could only meet about 20% of the total cooling load of the office building. Ghosal et al. examined the impact of an EAHE on the temperatures inside a greenhouse for the entire year to include summer cooling as well as winter heating [11, 59, 60] . In their study, using an EAHE caused an increase of about 7-8 °C in winter temperature and a decrease of about 5-6 °C in summer temperature relative to when EAHE was not used.
This technology has potential application in power generation systems also, as it can be used for cooling the ambient air for used in the air-condenser of a power cycle. A closed loop system operating on water instead of air can also be used in areas that are far from a water source, or where power plants are prohibited from using the water due to environmental or social reasons. Goswami [61] performed the feasibility study of using EAHE in a Rankine cycle, where soil temperature was assumed to be 18 °C while the ambient air temperature was assumed to be 41 °C. They found an improved performance of the plant using ground cooling during the day compared to the solar 
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This technology has potential application in power generation systems also, as it can be used for cooling the ambient air for used in the air-condenser of a power cycle. A closed loop system operating on water instead of air can also be used in areas that are far from a water source, or where power plants are prohibited from using the water due to environmental or social reasons. Goswami [61] performed the feasibility study of using EAHE in a Rankine cycle, where soil temperature was assumed to be 18 • C while the ambient air temperature was assumed to be 41 • C. They found an improved performance of the plant using ground cooling during the day compared to the solar thermal plant using air cooling only. Vidhi et al. [3, 4, 26] performed a parametric analysis on the efficiency of the thermodynamic cycle by varying different parameters of the EAHE system.
Configurations
Different designs of EAHE have been proposed in the literature and have been practiced across the world. The variations were made to account for ease of establishment, application, heat exchanger studies and experiments, as well as economic considerations.
Single and Multiple Pipe Heat Exchanger
The most common configuration involved a single pipe heat exchanger that is buried at a fixed depth underground [8, 11, 12, 15, 31, 46, 47, 50, 62, 63] . However, multiple pipe systems have also been investigated by a number of researchers [16, 31] . Figure 3a ,b depict the schematic for such systems where multiple pipes are buried beneath the surface, and can be connected in series or parallel, respectively. The series configuration is a preferred option when the fluid passing through the pipes needs to be cooled to a lower temperature, and the parallel configuration is preferred for a system with higher heat load. During the modeling of a multi-pipe system, an additional term must to considered to account for the thermal resistance resulting from the mutual interactions of the pipes. For pipes that are at the ends, this term is halved. thermal plant using air cooling only. Vidhi et al. [3, 4, 26] performed a parametric analysis on the efficiency of the thermodynamic cycle by varying different parameters of the EAHE system.
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The most common configuration involved a single pipe heat exchanger that is buried at a fixed depth underground [8, 11, 12, 15, 31, 46, 47, 50, 62, 63] . However, multiple pipe systems have also been investigated by a number of researchers [16, 31] . Figure 3a ,b depict the schematic for such systems where multiple pipes are buried beneath the surface, and can be connected in series or parallel, respectively. The series configuration is a preferred option when the fluid passing through the pipes needs to be cooled to a lower temperature, and the parallel configuration is preferred for a system with higher heat load. During the modeling of a multi-pipe system, an additional term must to considered to account for the thermal resistance resulting from the mutual interactions of the pipes. For pipes that are at the ends, this term is halved. Hamada et al. performed several experiments on a modified configuration of ground coupled heat exchanger which could be installed without extensive digging, and hence was more economical [64] . Figure 4 shows the construction process of this new design using what they termed as the "no-dig method". Using this system, they were able to reduce the energy consumption during installation by 78%. This was a result of using drilling for burying the pipes, instead of total excavation of the area for laying down the pipes. Additionally, the primary energy consumption for the year was reduced by 29% compared to the vertical underground system, due to lower pumping power. For this installation, the payback period reduced <1 year when compared for both energy consumption and carbon emissions, which for the conventional system were 4.6 and 6.9 years respectively. Hamada et al. performed several experiments on a modified configuration of ground coupled heat exchanger which could be installed without extensive digging, and hence was more economical [64] . Figure 4 shows the construction process of this new design using what they termed as the "nodig method". Using this system, they were able to reduce the energy consumption during installation by 78%. This was a result of using drilling for burying the pipes, instead of total excavation of the area for laying down the pipes. Additionally, the primary energy consumption for the year was reduced by 29% compared to the vertical underground system, due to lower pumping power. For this installation, the payback period reduced <1 year when compared for both energy consumption and carbon emissions, which for the conventional system were 4.6 and 6.9 years respectively. 
Ground Coupled Heat Pump (GCHP)
Another way of using the earth as a heat sink is to circulate water through buried pipes which transfers its heat to the surrounding underground soil to obtain colder water at the outlet. This system works on the same principle as an earth air heat exchanger; by utilizing the difference in temperatures of the warmer water from an air-conditioning system and underground soil [19, 25, [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] . Figure 5 shows the schematic of a ground coupled heat exchanger in which warm water enters from one end of a U-tube, and after exchanging heat with the soil, cooler water comes out of the other end. The ground coupled water cooling system has generally been used for building air-conditioning applications in the summer and pre-heating of domestic hot water in winter and in colder climates. As the water passing through these pipes typically experiences underground temperatures close to annual average, there is negligible risk of freezing. However, for systems installed in colder climates, there may be a risk of water freezing closer to the ground level, especially if the system is left to idle. In those systems, brine or water with anti-freeze may be used. These systems have been proven to reduce the operating cost and annual energy consumption of air-conditioning systems, but are not very commonly used due to high initial capital investment [18, 19, 69, 70] . Rivoire et al. performed energetic and economic analysis of a ground coupled heat exchanger for cooling buildings in Italy, and concluded that the most suitable candidates were poorly insulated hotels in cold climates as they have very high heat load [79] . Even for those sites, the payback period was between 8.6-9.9 years. 
Another way of using the earth as a heat sink is to circulate water through buried pipes which transfers its heat to the surrounding underground soil to obtain colder water at the outlet. This system works on the same principle as an earth air heat exchanger; by utilizing the difference in temperatures of the warmer water from an air-conditioning system and underground soil [19, 25, [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] . Figure 5 shows the schematic of a ground coupled heat exchanger in which warm water enters from one end of a U-tube, and after exchanging heat with the soil, cooler water comes out of the other end. The ground coupled water cooling system has generally been used for building air-conditioning applications in the summer and pre-heating of domestic hot water in winter and in colder climates. As the water passing through these pipes typically experiences underground temperatures close to annual average, there is negligible risk of freezing. However, for systems installed in colder climates, there may be a risk of water freezing closer to the ground level, especially if the system is left to idle. In those systems, brine or water with anti-freeze may be used. These systems have been proven to reduce the operating cost and annual energy consumption of air-conditioning systems, but are not very commonly used due to high initial capital investment [18, 19, 69, 70] . Rivoire et al. performed energetic and economic analysis of a ground coupled heat exchanger for cooling buildings in Italy, and concluded that the most suitable candidates were poorly insulated hotels in cold climates as they have very high heat load [79] . Even for those sites, the payback period was between 8.6-9.9 years. Different configurations for the GCHPs have been proposed in the literature. The underground pipes in these systems can be placed in vertical boreholes or horizontal trenches [18, 19, 23, 69] . Figure  5 depicts the vertical boreholes configuration while Figure 6 depicts several examples of the horizontal designs that have been examined in the recent years. The horizontal trenches are generally installed only when sufficient land area for digging is available [19, 22, 25] . In cases where the area is limited or any disruption of the landscape must be avoided, vertical borehole configurations are preferred. Lu et al. deployed an experimental system in Australia to compare the performance of a system used for cooling refrigerant with the one cooling water [80] . In the first system, the refrigerant from the air-conditioning system was passed directly through two 80 m boreholes, while in the other, an external heat exchanger was used to transfer the heat between the refrigerant and cooling water. The cooling water was then passed underground in four 100 m boreholes. Both systems operated similarly, and a temperature increase of ~1 °C was observed in the soil after 10 months of operation. In the recent years, another configuration has been studied to allow more pipes in a smaller area. These are called "slinky" shaped ground heat exchangers ( Figure 7) . Their biggest challenge is that they restrict the natural recharge of the soil temperature due to the continuous accumulation of excessive heat in a smaller area [25, [81] [82] [83] . Different configurations for the GCHPs have been proposed in the literature. The underground pipes in these systems can be placed in vertical boreholes or horizontal trenches [18, 19, 23, 69] . Figure 5 depicts the vertical boreholes configuration while Figure 6 depicts several examples of the horizontal designs that have been examined in the recent years. The horizontal trenches are generally installed only when sufficient land area for digging is available [19, 22, 25] . In cases where the area is limited or any disruption of the landscape must be avoided, vertical borehole configurations are preferred. Lu et al. deployed an experimental system in Australia to compare the performance of a system used for cooling refrigerant with the one cooling water [80] . In the first system, the refrigerant from the air-conditioning system was passed directly through two 80 m boreholes, while in the other, an external heat exchanger was used to transfer the heat between the refrigerant and cooling water. The cooling water was then passed underground in four 100 m boreholes. Both systems operated similarly, and a temperature increase of~1 • C was observed in the soil after 10 months of operation. In the recent years, another configuration has been studied to allow more pipes in a smaller area. These are called "slinky" shaped ground heat exchangers ( Figure 7 ). Their biggest challenge is that they restrict the natural recharge of the soil temperature due to the continuous accumulation of excessive heat in a smaller area [25, [81] [82] [83] . Different configurations for the GCHPs have been proposed in the literature. The underground pipes in these systems can be placed in vertical boreholes or horizontal trenches [18, 19, 23, 69] . Figure  5 depicts the vertical boreholes configuration while Figure 6 depicts several examples of the horizontal designs that have been examined in the recent years. The horizontal trenches are generally installed only when sufficient land area for digging is available [19, 22, 25] . In cases where the area is limited or any disruption of the landscape must be avoided, vertical borehole configurations are preferred. Lu et al. deployed an experimental system in Australia to compare the performance of a system used for cooling refrigerant with the one cooling water [80] . In the first system, the refrigerant from the air-conditioning system was passed directly through two 80 m boreholes, while in the other, an external heat exchanger was used to transfer the heat between the refrigerant and cooling water. The cooling water was then passed underground in four 100 m boreholes. Both systems operated similarly, and a temperature increase of ~1 °C was observed in the soil after 10 months of operation. In the recent years, another configuration has been studied to allow more pipes in a smaller area. These are called "slinky" shaped ground heat exchangers ( Figure 7 ). Their biggest challenge is that they restrict the natural recharge of the soil temperature due to the continuous accumulation of excessive heat in a smaller area [25, [81] [82] [83] . 
Influence of Different Parameters
Several parameters impact the performance of an earth-air heat exchanger, such as environmental factors, location, system design etc. Some of these parameters, like seasonal and daily variation, location, soil temperature and properties, solar radiation, weather etc. are beyond the operator's control but have significant impact on the system performance. For example, if the system is installed at a location very close to a water source, its performance will be different from a similar installation located in a dry area. A location that experiences large temperature gradients between summer and winter will also experience different performance results with EAHE compared to a location with near constant temperature throughout the year. Similarly, different types of soil with different thermo-physical properties result in different performances of the EAHE. As these factors have a significant impact on the performance of the system but are not controllable the design parameters optimization is done as per the application. Pipe geometry, mass flow rate, buried depth, material used for pipes etc. are some parameters that are accounted for in system design for a specific location. Using an appropriate design for a system, full advantage of the climatic conditions can be taken. In this section, we have described these design parameters, and their impacts on the system performance.
• Depth: As the time lag between the underground and ambient temperatures increases with depth at which the pipes are buried, the thermal performance of the EAHE system also improves 
• Depth: As the time lag between the underground and ambient temperatures increases with depth at which the pipes are buried, the thermal performance of the EAHE system also improves by [2, 15, 16, 86, 89, 90] . This would imply that using a smaller radius for the pipe should result in lower outlet temperature when the EAHE is operating in cooling mode, and higher outlet temperature when in heating mode. However, an interesting trend has been observed by some researchers in which the outlet temperature first decreases with increasing radius but then increases. The point at which this reversal begins is called the "critical radius" [84, 86, 88] . The reason behind such an interesting trend is the joint effect of low heat transfer coefficient and higher heat transfer area as the radius increases. In the analysis performed by Kumar et al. [86, 88] , they observed that the outlet temperature reduced in the cooling mode when the pipe radius was increased from 0.41 m to 0.52 m. This suggests that the increasing surface area of the underground pipe was the dominating factor over the reducing heat transfer coefficient. However, further increase in the radius of the underground pipe (0.58 and 0.70 m) caused the outlet temperature to increase, suggesting that the increase in heat transfer area was not large enough to overcome the impact of reducing heat transfer coefficient.
•
Flow rate: Increase in flow velocity, and the mass flow rate causes higher outlet temperature when operating in cooling mode, and lower outlet temperature when operating in heating mode [2, 6, 15, 36, 44, 45, 55, 85, 86, 88] . So, lower mass flow rate is typically considered a preferred situation, but may not result in the overall optimum performance. Bansal et al. investigated the impact of flow velocity (2.0, 3.2, 4.0 and 5.0 m/s) in both heating and cooling modes, and compared the results of the simulations with those from the experiments performed [9, 10] . When the flow velocity increased from 2.0 m/s to 5.0 m/s, the total time spent by the air underground decreased by 2.5 times, which was the dominating factor compared to the 2.3 times increase in the heat transfer coefficient. They also observed that even though the reduction (or increase) in temperature was lower at higher flow velocities, the cooling (or heating) effect per unit time was higher. So, flow rate optimization is required depending on the application.
Ground cover and soil type: Different ground covers, such as grass-covered soil, bare soil, high moisture soil, sand-covered soil etc., result in different thermal properties and underground temperatures [36, 52, 53, 91, 92] . Soil with high moisture content generally have better performance due to higher thermal conductivity, resulting in improved heat transfer with the underground pipes. Goswami et al. studied the variation of thermal conductivity with moisture content and time and showed its impact on the performance of the EAHE [45] [46] [47] . They observed that as the air passed through the pipes, and the surrounding soil was heated, the moisture from the pipe's vicinity dissipated resulting in reduced thermal conductivity of the soil from the initial value of 1.1 W/m·K to less than 0.8 W/m·K. However, when the system was left idle off for 3 h, the moisture content in the soil was restored, and the thermal conductivity improved slightly to 0.9 W/m·K. • Pipe material and thickness: Thermal conductivity of the pipe material can be an importance adder to the thermal resistance in the heat transfer process. Since the thickness of the buried pipe is generally very small (only a few millimeters), different materials do not result in very different thermal performances [9, 10, 36, 90] . Bansal et al. compared the performance of two different materials (steel and PVC) for the underground pipes in both experimental and simulated conditions, and concluded that the overall performance and operation did not vary for the two materials [10] . The main reason for that was the larger contribution of the convective heat transfer coefficient compared to the conductive heat transfer coefficient on the overall heat transfer rate.
• Time: While analyzing the performance of an earth air heat exchanger, the earth is generally considered to be an infinite source or sink. The underground temperature is assumed to remain constant which is a valid assumption for systems that operate for a short duration. Even in cases where the underground temperature is impacted by the EAHE system, the change is very small. However, continued use of the EAHE system for a long time results in discharge (or extraction) of a large amount of heat to (or from) the earth. This may result in the permanent change of temperature in the area surrounding the buried pipes. Ileslamlou and Goswami examined an EAHE for 90 days, in which the system was operated for 16.5 h and then switched off for 7.5 h in a day [46, 47] . During operation of the EAHE, the soil temperature increased, even though the increase was small. It then came down when the system was turned off. They observed that the resulting temperature after cool down was slightly higher than the starting temperature value. This trend continued for the entire time the EAHE was operated, resulting in a total increase at the outlet temperature by 2 • C [46, 47] .
Air humidity: Relative humidity and moisture content of the air is another variable that needs to be considered in the design. If the air entering the pipes is at a high temperature and with high moisture content, condensation of water vapor could occur sooner along the pipe length [93] . Generally, if the air enters at a relative humidity of 30% or less, the probability of condensation is small. If condensation occurs at a large amount, it becomes important to pump out the condensate water at regular intervals to avoid corrosion and to ensure optimum performance.
Models
A number of researched have successfully applied several analytical and numerical models to study the earth-air-heat-exchanger systems. The analytical models are typically based on solutions of the heat transfer equations and energy balance with certain simplifying assumptions. On the other hand, the numerical solutions discretize the elements of the heat transfer equations for one, two or three-dimensional analyses. Genetic algorithm and neural network techniques have also been studied for predicting the outlet air temperature by training the models with the experiment data [87, 94, 95] . The relevant features and associated equations (for analytical solutions) of these models are tabulated in Table 1 , along with the experiment's location. While including the full details of these models is beyond the scope of this article, they are listed in the various tables to provide guidance to readers on prior art. 
Reference

Model Details Location
Cucumo [96] 1-Dimensional heat transfer in soil for sinusoidal variation in air temperature.
T air (t) = T air,av + ∆T a cos 2π
Ahmedabad, India [97] , Greensboro, NC [45] , Athens, Greece [98] Goswami et al. [44] [45] [46] [47] 2-D iterative solution. Pipe was divided in many sections, and output from one was considered as input to the next.
Parametric model for overall heat transfer coefficient, U using radius, pipe length, depth and velocity.
The coefficients of the polynomial were determined from empirical relations.
Athens, Greece
Trombe [6] 1-D heat transfer analysis on pipe sections.
Toulouse, France
Gauthier [99] 3-D numerical model. The entire region was divided into several control volumes, and finite difference analysis was used for solving heat transfer equation on each.
Quebec, Canada 2-D numerical model. Pipe was divided into many sections, and energy balance was performed on each section iteratively.
V air ∆t
Switzerland
The models proposed for studying the ground coupled heat exchangers using water typically require the calculation of thermal resistance and overall heat transfer coefficient [71, [103] [104] [105] [106] . Since the depths of the boreholes are generally very large, the soil temperature is assumed to be constant at the average annual temperature [18, 69, 71, 103, 104, 107, 108] . Table 2 shows the summary of the different models that have been verified for the study of GCHP. Table 2 . Ground source water cooling models.
Reference
Model Description Location
Zeng [107] Thermal resistances between soil and fluid (R 11 ), and the resistance between two pipes (R 12 and R 13 ) were calculated separately.
Bose [109] 1-D model for thermal resistance.
Hart [110] Underground soil is treated as an infinite sink and borehole as an infinite line source which has a heat rate of q 1 per unit length.
e −u u du N/A Sanaye [18, 69] Thermal resistance between the soil and the pipe is calculated.
Tuscaloosa, Alabama
Lee [111] 3-D solution using finite difference analysis in rectangular coordinates. N/A Muraya [112] Heat transfer analysis was done using transient finite-element method. N/A Li [113] 3-D finite volume model was developed with a triangular mesh. Harbin, China [114] Bernier [106] Average fluid temperature was calculated using g-function and thermal resistances [115] .
France [116] Cui [117] Numerical solutions using finite element method. Hong Kong
Night Sky Radiative Cooling
The temperature of the outer space is about 4 K [27] , which makes outer space the coldest available heat sink for use in passive cooling systems. A radiating surface facing the sky can be cooled by exchanging infrared radiation with the outer space during the night. However, the earth's atmosphere interferes between the radiating surface and the heat sink resulting in a higher effective sky temperature than the actual temperature of the outer space. Atmospheric factors, such as cloud cover, humidity and wind velocity, impact the radiative heat transfer rate between the radiating surface and the outer sky. In areas that experience low ambient temperatures on clear sky nights, this radiative cooling technology has been used to freeze water places in a shallow pan for centuries [28] . Sometimes a convection shield is used to reduce the heat gain due to convection or due to wind [27, 118, 119] .
Principle
A radiating surface facing the sky experiences radiative heat transfer directly from the outer space which provides the coldest heat sink. According to Parker [120] , a sky-facing radiating surface at 27 • C can radiate heat at a rate of 75 W/m 2 on a clear desert night. However, the rate of heat transfer is strongly impacted by the ambient humidity and cloud cover. It goes down to 60 W/m 2 in humid areas, 40 W/m 2 when cloud cover is 50%, and reduces to only 7 W/m 2 when the sky is completely overcast [120] . Water temperature can be reduced to as much as 8 • C below the ambient temperature when the sky is clear in a desert location using this technology. Using spectrally selective surfaces can improve the temperature drop to as high as 20 • C below the ambient [121] . Spectrally selective surfaces have high emittance values when wavelengths are between 8 to 13 µm and low absorption outside this range. Al-Nimr et al. [122] observed that the mean temperature of a 120 L water tank that has a 0.6 m 2 radiative cooling panel with a depth of 0.2 m could be reduced by 15 • C in one night using night sky radiative cooling, suggesting a heat rejection of 13 MJ/m 2 to the outer sky. In another study done by Ali [118] , the water temperature was reduced from 23.8-27.1 • C to 17.2-18.9 • C for a tank with 1 m 2 surface area and 0.5 m depth.
Nocturnal cooling technology was historically used by ancient civilizations for ice production and space cooling [28] . In the recent few decades, it has been considered for building cooling [123, 124] . Yellott and Hay used a roof pond that had a movable cover, and in which the water was stored in a shallow reservoir which was cooled at night. The pond was covered during the day with the movable cover to prevent it from heating [125] [126] [127] . Radiative cooling technology has also been considered in some studies for reducing the temperature of cooling water for thermal power plants. A CSP plant operating at a maximum temperature of 80-100 • C, can experience the efficiency gain of 50-100% with a condenser using night sky cooling [128] . Olwi et al. [129] proposed the concept of a pond covered by a radiator plate which can be used to cool the hot water coming from a power plant condenser. Figure 8 shows a schematic for such a system [129] . The hot water coming from a power plant condenser enters the pond close to its surface. It is then cooled as it passes through the pond and the colder water is obtained from the bottom. A screen was used for separation of the top hot water layer and the bottom colder storage layer. Plastic glands were used to seal the holes where the pipe and thermocouples penetrated through the separating screen. A prototype of this design was examined at a University Farm in Hada Al-Sham, Saudi Arabia [121] . The experimental pond was covered with an aluminum sheet that was painted white. It was observed that the night time heat rejection rate was 50 W/m 2 .
Energies [122] observed that the mean temperature of a 120 L water tank that has a 0.6 m 2 radiative cooling panel with a depth of 0.2 m could be reduced by 15 °C in one night using night sky radiative cooling, suggesting a heat rejection of 13 MJ/m 2 to the outer sky. In another study done by Ali [118] , the water temperature was reduced from 23.8-27.1 °C to 17.2-18.9 °C for a tank with 1 m 2 surface area and 0.5 m depth. Nocturnal cooling technology was historically used by ancient civilizations for ice production and space cooling [28] . In the recent few decades, it has been considered for building cooling [123, 124] . Yellott and Hay used a roof pond that had a movable cover, and in which the water was stored in a shallow reservoir which was cooled at night. The pond was covered during the day with the movable cover to prevent it from heating [125] [126] [127] . Radiative cooling technology has also been considered in some studies for reducing the temperature of cooling water for thermal power plants. A CSP plant operating at a maximum temperature of 80-100 °C, can experience the efficiency gain of 50-100% with a condenser using night sky cooling [128] . Olwi et al. [129] proposed the concept of a pond covered by a radiator plate which can be used to cool the hot water coming from a power plant condenser. Figure 8 shows a schematic for such a system [129] . The hot water coming from a power plant condenser enters the pond close to its surface. It is then cooled as it passes through the pond and the colder water is obtained from the bottom. A screen was used for separation of the top hot water layer and the bottom colder storage layer. Plastic glands were used to seal the holes where the pipe and thermocouples penetrated through the separating screen. A prototype of this design was examined at a University Farm in Hada Al-Sham, Saudi Arabia [121] . The experimental pond was covered with an aluminum sheet that was painted white. It was observed that the night time heat rejection rate was 50 W/m 2 . Figure 8 . Night sky radiative cooling system used for cooling hot water from a power plant condenser (redrawn from [121] ).
Even though the night sky cooling technology has been proved to be an effective cooling method especially in dry, arid areas, its biggest limitation is the inability to provide any cooling during daytime, and limited effectiveness in humid areas. Because of the night time cooling limitation, the total time night sky cooling can be used is less than 11 h/day [130] . Therefore, other alternative methods, such as ground coupled cooling, are required for cooling during the day. Even though the night sky cooling technology has been proved to be an effective cooling method especially in dry, arid areas, its biggest limitation is the inability to provide any cooling during daytime, and limited effectiveness in humid areas. Because of the night time cooling limitation, the total time night sky cooling can be used is less than 11 h/day [130] . Therefore, other alternative methods, such as ground coupled cooling, are required for cooling during the day.
Configurations
Radiative cooling technique can be coupled with a number of systems that need cooling. They have previously been used or studied to cool air, water and building walls for air-conditioning [123, 124] and to pre-cool the water used in power plant condensers [26] .
Roof Pond
Potential of nocturnal cooling systems for air-conditioning of buildings has been investigated by a number of researchers in the form of roof ponds over the past several decades. Yellott and Hay tested the roof pond system, implemented on the top of a building. The pond was covered during the day to prevent heating, and cooled at night by radiative heat transfer [125, 126] . The system installed in Phoenix, Arizona was used to prove the technical feasibility of this technology which led to further studies of the technology.
Flat Plate Radiators
In this design, the thermal load from a building is transferred to an external radiator which is designed to effectively radiate the heat to the nocturnal sky [122, 131, 132] . A coolant loop may be connected with the building's cooling system resulting a hybrid cooling system. This configuration works on a design similar to that of a flat plate collector used for heating, but is used for cooling by radiative heat transfer at night, rather than heating during the day [123] . In the case of a cooling radiator, natural convection within the water actually helps for cooling since the warmer water rises to the top while colder water sinks to the bottom.
Models
A number of models have been proposed to determine the radiative heat transfer from a water reservoir. Table 3 summarizes different models that have been published in the literature over the last few decades and have been experimentally verified. Table 3 . List of models proposed for nocturnal cooling.
Ref. System Description Model Details and Underlying Assumptions Experiment Location
Meir [133] Inclined radiator panel connected with a water reservoir Lumped model using [134, 135] 
T sky = T a 0.711 + 0.0056T dp + 0.000073T 2 dp 0. 25 
Oslo, Norway
Erell & Etzion [123, 136, 137] Flat plate radiator to cool a building Lumped model with a linearized form of Stefan-Boltzmann law proposed by [138] R net = 4ε w σT 2 air T w − T sky h c = 1.8 + 3.8v
Sede-Boqer, Israel Ali [27] Open loop system with a hot water tank feeding into two parallel plate radiators Lumped model applied on a number of sections along the radiator. Sky radiation calculations were obtained from [139] Assiut, Egypt
Tang & Etzion [140, 141] Roof pond that included gunny bags floating on top of the water surface Roof pond had thermally stratification along the depth. Sky radiations were calculated with [142] h c T a 
Clus et al. [146] Funnel shaped radiative condenser CFD analysis. Corsica Island, France
Jain [147] Roof pond with movable insulation
Fourier expansion was used on lumped model of energy balance equation. Different heat transfer coefficients were determined using [148] [149] [150] .
Rajasthan, India
Rincon et al. [151] Roof pond with movable insulation
Numerical solution with finite volume method. Hourly data measured for outdoor temperature and solar irradiance was used.
Maracaibo, Venezuela
Ali [118] Thermally uninsulated open tank
Heat transfer analysis was performed on each wall of the tank using the lumped model. Sky radiation was calculated using [150] . 
Assiut, Egypt
Ito & Miura [152, 153] Radiator panels connected with water storage tank Lumped model using radiative heat transfer calculation based on [150] .
Spanaki et al. [154] Roof pond covered with a protective floating cloth Analysis of the thermally stratified water tank was done using the model proposed by Tang et al. [140, 141] .
Heraklion city, Greece
Dobson [132] Radiator panel connected with a storage tank Steady state lumped model for both storage tank and radiator. Sky emissivity was calculated using [155] .
.
Seder Boker, Israel [156] The following generic model was concluded for simplified analysis after the review of these models:
where Q c , Q e and Q r are the convective, evaporative and radiative heat transfer terms and can be given by the following generic Equations (1)- (6) .
Here, v is the wind velocity in m/s and a 1 and b 1 are empirical constants. (6) where ε sky is a function of the dew point temperature and is obtained experimentally for different locations. Several models have been studied for calculation of the effective sky temperature which depends on the sky emissivity. The following section summarizes different equations.
Effective Sky Temperature
Although the temperature of outer space is very low, the effective temperature for radiative heat transfer is affected by the earth's atmosphere, humidity, cloud cover and wind velocity. Several models have been studied to predict the effective sky temperature and have been compared with the experimental data.
Berdahl and Martin proposed a model based on ambient temperature and relative humidity that has been verified for a range of temperatures and humidity levels [134, 138, 139, 157, 158] . Table 4 shows the various models that have been proposed and tested against the experimental data. Table 4 . Different expressions for sky emissivities.
Ref. Model Location
Tang [142] ε sky = 0.754 + 0.0044T dp Negev Highlands, Israel
Berdahl and Fromberg [158] ε sky = 0.741 + 0.0062T dp during night ε sky = 0.727 + 0.0061T dp during day Arizona, Maryland, Missouri
Berdahl and Martin [157] ε sky = 0.711 + 0.56 T dp 100 + 0.73 T dp 100 2 Arizona, Texas, Maryland, Missouri, Florida, Nevada
Centeno [159] ε sky = 0.56 + 0.08P 0.5 v
Venezuela
Berger [160] ε sky = 0.77 + 0.0038T dp Carpentras, France
Chen [161, 162] ε sky = 0.736 + 0.00577T dp during night ε sky = 0.732 + 0.00635T dp during day Nebraska and Texas All these models were obtained using empirical correlations and are generally only applicable for the locations and environmental conditions they have been obtained for. The results can be compared with the sky emissivity values obtained experimentally. The experimental value of sky emissivity value is calculated by measuring the incoming infrared radiations, IR and ambient temperature as shown in Equation (7) .
Here, σ is the Stefan Boltzmann constant which is equal to 5.67 × 10 −8 W/m 2 /K 4 . So, if the measured values for ambient temperature and incoming radiation are available, emissivity can be calculated with those. The error in calculation observed due to the measurement error in the temperature and radiation can be calculated using the error analysis of the above equation. The experimental values for ambient temperature and incoming long wave radiations are available from the NREL Solar Radiation Research Laboratory in Boulder, Colorado. Figure 9 shows the comparison of various sky emissivity models with the experimental data from the NREL database for 1 June 2012 [163] . Most of these models show similar trend, except for the Centeno model [159] . The room mean square errors (RMSE) for the models are listed in Table 5 . It was observed that the RMSE is smallest for the model proposed by Berdahl & Martin [157] . That is why this the most widely used model which has been verified for different locations across the United States.
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Comparison of different models for sky emissivity calculation with the experimental data. 
Conclusions
In this paper, different passive cooling technologies have been reviewed for their technical design and applications. Different parameters impacting the performances of ground coupled heat exchangers (with air and water) as well as night sky radiative cooling have been investigated. Different models studied in the literature for these types of passive cooling have been listed in this paper. The following conclusions can be made from this review:
• Ground coupled heat exchangers use the difference in temperature between ambient air and underground soil to cool the air in the summer and heat it in the winter • Water can be used instead of air
• Earth air heat exchangers and ground coupled heat pumps have been used for air conditioning, and have been studied for use in condenser of a low temperature power generation system
• Choice depends on the location, season, application etc.
• Parameters that affect the performance of a ground coupled heat exchanger are depth, length of pipe, pipe radius, flow rate, ground cover and soil type, pipe material and thickness, and time
• Night sky radiative cooling allows for radiative heat transfer with the lowest temperature (~4 K) sink that is the sky
• Roof pond systems have been used to cool buildings
• Radiative heat transfer rate between the cooling body and the sky is heavily impacted by the ambient conditions such as wind speed, humidity, ambient temperature etc.
• Their combined effect is used to calculate the effective night sky temperature. 
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